Background-Action potential duration (APD) variation is an important determinant of wave break and reentry. The determinants of APD variability during early ventricular fibrillation (VF) in myopathic human hearts have not been studied. The objective of this study was to study the role of APD restitution and short-term cardiac memory on variation in human VF. Methods and Results-The study consisted of 7 patients (67Ϯ9 years old) with ejection fraction Ͻ35%. Monophasic action potentials were recorded from the right and/or left ventricular septum during VF. APD 60/90 was measured in sinus beat preceding induction of VF, and its amplitude was used to define 60%/90% repolarization in VF. The monophasic action potential upstroke (dV/dt max ) was used to characterize local excitability. Simple linear regression showed that variability in APD n60 was determined by APD/diastolic interval restitution (R 2 ϭ0.48, PϽ0.0001) and short-term memory (APD 60 nϪ1, nϪ2, nϪ3, nϪ4; R 2 ϭ0.55, 0.40, 0.33, and 0.27 respectively; PϽ0.001). Using multiple stepwise regression, short-term memory and restitution accounted for 62% of variance in APD 60 (PϽ0.001). Individually, memory effect had the greatest contribution to APD variability (R 2 ϭ0.55, PϽ0.0001). Conclusions-In early human VF, short-term memory and APD/diastolic interval restitution explain most of the APD variability, with memory effects predominating. This suggests that in early human VF, short-term cardiac memory may provide a novel therapeutic target to modulate progression of VF in myopathic patients. (Circ Arrhythmia Electrophysiol. 2009;2:562-570.)
I n myopathic human hearts, during early ventricular fibrillation (VF), we recently demonstrated that wave fronts emanating from a few rotors are responsible for the significant degree of organization of electric activity on the endocardium and epicardium. 1, 2 Conduction block is responsible for wave front fractionation and reentry, an important mechanism in proliferation of wave fronts and rotors during VF. 3 Oscillations in action potential duration (APD) could increase in a fashion in which a site becomes refractory to depolarization and thus lead to conduction block and reentry. 4 Variation in APD is probably determined by multiple factors in VF. In experimental models of VF, APD restitution (relationship of APD n to immediately preceding diastolic interval (DI nϪ1 ) and short-term memory (relationship of APD n to preceding APD nϪ1, nϪ2, nϪ3, nϪ4) have been shown to play a part in APD variability. [5] [6] [7] [8] However, these studies in VF were conducted in modeling experiments, 6 tissue preparations, 7 animal Langendorff models, 8 and recently in an in vivo porcine model. 5 The role of APD restitution and memory in APD variability during early in vivo human VF, in which modulating VF could have a significant impact on outcome, has not been studied and is largely unknown.
Clinical Perspective on p 570
The concept that the previous DI determines most of the variability in APD is at the core of the APD/DI restitution hypothesis, which suggests that when the slope of the APD/DI relationships is Ͼ1, conduction block results, 9 leading to VF. Koller et al 10 have demonstrated that initial restitution curve slope on the right ventricular (RV) endocardium of the myopathic human heart is greater than that of a normal heart. We have shown in myopathic patients that those who are prone to arrhythmia have a steeper curve than those who are not prone to development of arrhythmias. 11 It would be important to know if this concept is applicable during early VF to prevent its progression in myopathic patients. The restitution hypothesis has been established in situations in which cycle length and activation sequences have been constant. 12, 13 In VF in which cycle length could change beat to beat, it is unclear what role APD restitution plays in determining APD. 14 Short-term memory is the concept in which APD is determined not only by previous DI but also by APDs from earlier cycles. 15, 16 Short-term memory may contribute to APD variance during VF in which the cycle length is not constant. To test these hypotheses, we studied the relative contribution of APD restitution relationship and short-term memory effects on APD variation during early VF in myopathic hearts using the monophasic action potential (MAP) catheter in patients.
Methods

Patients
The University Health Network ethics committee approved the study protocol, and informed consent was obtained from each patient.
Patients undergoing delayed defibrillation threshold test (DFT) 6 weeks after implantable cardioverter-defibrillator (ICD) implantation were studied. Patients with an acute ischemic event, decompensated heart failure, or hemodynamic and/or respiratory instability within 1 month of the DFT were excluded from the study. None of the patients were chronically ventricularly paced or dependent on ventricular pacing. DFT was done under conscious sedation with Propofol without intubation. The patient's serum electrolytes were all within the normal range within 7 days of the DFT.
Experimental Protocol
Before induction of VF for determining DFT, an 8F sheath was inserted into the right femoral artery and/or vein. A 7F Franz MAP catheter (Boston Scientific) was used for recording monophasic action potential signals. The MAPs were recorded in areas of healthy tissue in the left ventricular (LV) wall away from regions of infarct and were recorded in the RV apex 2 cm away from the RV electrode, where there was healthy myocardium. We ensured that it was in healthy regions as the ICD lead sensing was appropriate ( Figure 1 ). VF was induced using T-wave shock in 6 patients ( Figure 2 ). In 1 patient, VF could not be induced with T-wave shock but was induced with 50-Hz pacing. VF was allowed to continue until the defibrillator charged and defibrillated the patients. If defibrillation was not successful, it was further recorded up until the second shock cardioverted the patient. External rescue was not required in any patient.
Signal Recordings Using MAP Catheter
The MAP catheter used in our study has previously been validated against transmembrane action potential recordings from microelectrodes and have been found to have very close correlation. 17 Importantly, during VF, the MAP recordings previously have been shown to represent the underlying voltage time course. 18 In addition, it has been used to characterize in vivo human VF 19 -21 and specifically used in myopathic human hearts in vivo for the study of APDs in relation to fibrillation dynamics. 10, 19 The MAP catheter was positioned as described by Franz 22 and Sager 23 (Figure 1 ). The MAP catheter was advanced to make contact with the endocardium until MAP signals qualified for adequacy as previously described by Franz et al 22 (typical MAP morphology with flat baseline, rapid upstroke, plateau, and recovery with amplitude of 10 mV or greater). After a rest period of 5 minutes and verification of MAP catheter position and signal stability, VF was induced ( Figure 2 ). Amplification and sampling rate was performed as described by Franz 22 and Sager. 23 Signals were recorded using the previously described method by Gilmour et al, 10 using 1-kHz sampling with a bandwidth of 0.05 to 500 Hz. Data were transferred to DVDs for offline analysis. Adequacy of MAP for analysis during VF was determined by using criteria proposed by Franz (see Figure 2 ). 23 Recorded MAP signals were analyzed with a custom semiautomated program written in Matlab (Matlab 6.5 for windows, The Mathworks Inc). APD Top, Surface ECG recording of lead II, revealing a pacing train. Two ECG leads and the MAP recording during and immediately after induction of VF are shown. The 2 panels from the top, representing lead II and lead V 1 , respectively, show 1 sinus beat followed by a pacing train for 5 beats terminated with a T-wave-shock (large shock artifact in the ECG leads), which results in the induction of VF. Bottom, Simultaneous MAP recording from the RV; 2 solid lines at the bottom represent the repolarization level for measuring APD 90 and APD 60 . Dashed line at the top represents 60% of the MAP amplitude in sinus rhythm, which was used as the criterion to determine adequacy of the MAP recordings during VF.
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amplitude was determined from the last paced beat before the induction of VF. This served as a reference level for determining APD n60 or APD n90 during VF ( Figure 2 ). Maximum dV/dt on the upstroke was used to determine the time of activation. Recovery was measured at levels of 60% and 90% repolarization. APD of a beat was derived as the interval from activation to recovery. The preceding DI was the interval from the previous recovery to activation.
Data Analysis and Statistics
A series of simple linear regression analyses were performed, to determine the relationship of APDs and DIs to APD n . The independent predictors of APD n were determined by a multiple linear regression using stepwise selection. The variables tested included 4 APDs (nϪ1, nϪ2, nϪ3, and nϪ4) and 5 DIs (nϪ1, nϪ2, nϪ3, nϪ4, and nϪ5). The independent variables were entered one at a time in the order in which they most improved the model R 2 . The ␣ level for retention of a variable in the model was 0.15. Analysis of covariance was performed to study the temporal and LV, RV differences within the model and in clinical patients. The differences between different time segments were tested by 1-way analysis of variance. Specific differences between times (each VF episode was divided into 5-second segments for analyzing effects of time) were identified by the post hoc Scheffe test.
Results
All patients were male. The mean age of the 7 patients was 67Ϯ9 years (range, 55 to 80 years). Patient characteristics are defined in Table 1 . Of the 9 episodes, in 3, MAP recordings were obtained from the LV and in 6 MAPs were recorded in the RV. In patients 3 and 4, both RV and LV VF data were obtained but not simultaneously. In patient 7, only LV VF recordings were obtained. In all other patients, the VF recordings were from the RV only. The mean VF episode lasted 11.4Ϯ5 seconds. Table 2 details the individual simple regression relationship between APD n , short-term memory, and APD restitution.
Simple Regression Models
APD Restitution and APD Variability
The restitution relationship obtained by plotting DI nϪ1 to APD n90 for the entire VF episodes showed a scattered cluster of points with a negative linear slope ( Figure 3A ; also see Table 2 ). Thus, as seen in Figure 3B , paradoxically, a short DI was followed by a long APD and a long DI was followed by a relatively short APD. For all VF episodes, APD n90 correlated significantly with DI nϪ1 (R 2 ϭ0.51, PϽ0.0001) and with APD n60 (R 2 ϭ0.48, PϽ0.0001). Individually in each patient, the restitution relationship obtained by plotting DI nϪ1 to APD n90 showed a scattered cluster of points with a negative linear slope in each patient ( Figure 4 ) (slopeϭϪ0.54, Ϫ0.3, 
Memory Effects and APD Variability
Short-term cardiac memory defined as electric events preceding a certain APD, a concept in which APD variability is determined by both APDs from earlier cycles and also DIs from previous cycles, is shown in Table 2 .
APD n60/90 correlated significantly to previous APDs, that is, APD nϪ1 to APD nϪ4 and to previous DIs. The APD n of all early VF episodes correlated most significantly with APD nϪ1 (R 2 ϭ0.552), diminishing throughout the previous APDs: APD nϪ2, APD nϪ3, APD nϪ4 (R 2 ϭ0.339, 0.329, 0.273, respectively; PϽ0.0001). The relationship for each, APD nϪ1 to APD nϪ4 , to APD n shows a positive slope, indicating that an increase in APD nϪ1 to APD nϪ4 leads to Figure 3A .
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an increase in APD n and vice versa. Table 2 shows that distant events (APD nϪ4 ) had a lesser contribution to APD variability compared with recent events (APD nϪ1 ).
Multiple Regression Model
The variables that entered into the model in a stepwise linear regression, provided they had a significance of PՅ0.05, are detailed in Table 3 . Memory and APD restitution together formed important determinants of APD variability for both APD n90 (R 2 ϭ0.70, PϽ0.001) and APD n60 (R 2 ϭ0.62, PϽ0.001) (also see Table 4 ).
APD/DI Restitution and APD Variability
APD/DI restitution as a determinant of the variance in APD, though significant in the multivariate model, accounted for only 1% of the variability in early human VF (Tables 3 and  4 ). For APD 90 , DI nϪ1 was the third variable entering the equation, with an R 2 of 0.01 (Pϭ0.0004), and for APD 60 it entered the equation second, with an R 2 of 0.03 (PϽ0.0001).
In individual patients DI nϪ1 entered the equation in 3 patients for APD n90 and in 4 patients with APD 60 .
Memory Effects and APD Variability
Memory accounted for most of the variance in APD 90 , with APD nϪ1 being the first variable entering the equation with an R 2 of 0.63 (PϽ0.0001) ( Tables 3 and 4 ). Also for APD 60 , the greatest contribution to the APD was from APD nϪ1 , which entered the equation first, with an R 2 of 0.55 (PϽ0.0001).
Temporal Effects
The change in APD n and DI nϪ1 with time was studied. As VF progressed, the mean APD n90 decreased from 137.21Ϯ29.70 in the first 5 seconds to 126.62Ϯ27.19 at 5 to 10 seconds, falling further to 111.25Ϯ16.75 at 10 to 15 seconds. Step 1
Patient 7
Step 1 (PϽ0.001). The DI nϪ1 , on the other hand, increased as VF progressed from 69.68Ϯ33.13 in the initial 5 seconds to 78.43Ϯ28.32 at 5 to 10 seconds and further to 94.10Ϯ16.06 at 10 to 15 seconds (PϽ0.001). Similar changes were seen with APD 60 and DI 60 . When each VF episode was divided into 5-second time segments for each segment, the APD restitution relationship still showed a cluster with a negative slope, but the slope was more negative for the first 5-second segment than the latter ( Figure 5 ). The slope was 0.51 for all APD n90 VF. In the first 5 seconds, the slope was 0.63; from 5 to 10 seconds, it was 0.47, which further flattened to 0.10 at 10 to 15 seconds ( Figure 5 ). These changes were significant by analysis of covariance (PϽ0.001). Similar results were seen when the RV and LV were analyzed separately (PϽ0.001). Similar results were seen when the restitution curves were drawn for each patient individually except for patient 7, in whom the slope was positive (0.03) at 0 to 5 seconds. Positive slope was seen in patients 3 and 5 after 5 seconds of VF and in patient 2 after 10 seconds of VF.
Discussion
We have shown that during human VF, short-term memory has a greater contribution to APD variation than the restitution relationship. These findings have not been demonstrated during human VF previously. Though restitution is thought to play an important part before the onset of VF, our findings suggest that after the onset of VF, short-term memory effect is a greater determinant of APD variation than restitution dynamics. In addition, the slope of the restitution curve was never Ͼ1. Taken together, this suggests that a strategy of altering the restitution relationship alone is not adequate to modulate progression of VF after its onset. All variables left in the model significant at the 0.1500 level.
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Short-Term Memory During VF
In experimental models, it has been shown that the usual effect of short-term memory is to shorten APD progressively as cycle length decreases, especially at rapid heart rates. 24 Although the DIs were short at VF initiation in this study, the APDs during early VF followed long APDs (of the paced beat immediately preceding VF induction), and as a function of memory, 25 the APDs at VF initiation are therefore longer than predicted by the preceding DI. A previously developed memory model 25 considers memory to accumulate and dissipate during depolarized and repolarized states and predicts that an APD after a long APD would be longer than that predicted by preceding DI and vice versa. Our multivariate analysis showed that the greatest contribution to the APD was from APD nϪ1 , entering the equation with an R 2 of 0.63 (PϽ0.0001) for APD 90 and R 2 of 0.55 (PϽ0.0001) for APD 60 . It is likely that the increase in APD after a short DI (Figure 3 ) is a result of accumulation of memory due to longer APDs during preceding activations. 16 In a previous porcine study, 5 memory together with restitution showed only 30% contribution to APD variability. That study used a microelectrode on the epicardium of an openchest intubated-ventilated porcine model, and the ␣ level for retention of a variable in the model was 0.25. The fact that our study was a closed-chest, unintubated-ventilated, human model using MAP technique on the endocardium during the onset of VF is important to consider, and may partly explain the differences in findings. Another important observation in our study models is that cardiac memory consistently appeared first in the multiple regression model followed by restitution. The fact that our observations are different from porcine model 5 may suggest that the relative contribution of cardiac memory and restitution may be species-specific.
Banville et al 26 studied conduction block during early VF in porcine heart in a Langendorff model after 16 beats of VF in the RV, using optical mapping technique. They found that a decrease in cycle length resulted in APD DI pairs above the restitution curve. They had suggested that the acute memory effect acted to damp out proarrhythmic alternans and action potential shortening and hoped that this was true of human hearts. Indeed, data from our study suggest that memory in early human VF leads to APDs that are longer than otherwise expected during shorter DIs. This fact may provide a potential explanation for the organized wave fronts seen during early VF by us and others in human VF on both the epicardium 1,2,27,28 and endocardium, 1,2,28 that is, the memory effect during early VF serves to prevent wave break and thus allows for organization into large coherent wave fronts. Indeed, our findings are further supported by the fact that as the memory effects wane over 15 seconds, there is change in the restitution slope, suggesting that the influence of memory on restitution wanes, resulting in a trend toward a positive slope or flattening of the restitution curve ( Figure 5 ).
Restitution During VF
The slope of the restitution curve is negative in our in vivo study. Huang et al 5 demonstrated in an animal model that the slope of the restitution curve is negative in early VF, gradually becoming positive, and the value becomes positive only after 30 to 40 seconds of VF. All of our VF episodes were recorded during first 30 to 40 seconds after the onset, hence our results support the observations by Huang et al.
Huang et al 29 tested maximum rate of depolarization (V max ) as a predictor of APD variability and compared it with cardiac restitution and memory. In their study, V max was the first or second variable entered into the regression equation in 75% of the VF episodes, whereas DI nϪ1 and APD nϪ1 were entered second and third most frequently in 58% and 47% of the VF episodes, respectively. However, when they performed stepwise linear regression without V max , using only previous DIs and APDs to predict APD n , APD nϪ1 appeared most frequently in the regression equation for 97% of the episodes, followed by DI nϪ1 , which entered for 75% of the episodes, supporting our findings in human VF. 
Clinical Implications
Our study evaluating the memory and restitution relationship during early human VF has important therapeutic implications. The results indicate that the mechanisms that maintain VF immediately after its onset are more complex than can be explained by the restitution hypothesis alone. Thus, interventions of only flattening the restitution curve may not be enough to terminate VF after its onset. In human hearts in vivo, our study confirms the potential of short-term cardiac memory on fibrillation dynamics, as suspected in experimental models. 30 Unlike conduction velocity restitution, which is mainly governed by the sodium channel and gap junctions, the ionic mechanisms that underlie APD restitution and memory during VF are probably multifactorial. However, if the memory responses are related to mechanisms such as intracellular calcium cycling, further understanding of the specific ionic mechanisms behind memory may provide a target to prevent spiral wave breakup and thus potentially be useful in modulating human VF in patients with myopathic hearts.
Limitations
MAP recording may get "bombarded" by activation wave fronts from any nearby tissue. This may produce gaps in activations as well as "crowding" of activation fronts during VF. This possibility exists if wave fronts are small and fractionated during early VF. However, multiple studies from our laboratory have shown in humans, using optical mapping studies, 1 high-density plaque studies, 3 socks, and balloons, 2 that wave fronts during early VF are coherent and sweep out regions of myocardium as large as 8 cm. The MAP technique has previously been validated to reflect local APD during pacing and in VF. 17, 20, 31 MAP recordings were considered acceptable only if they strictly satisfied previously described criteria during sinus rhythm 20, 21 and VF 21 and the sampling rate as defined previously by Koller et al 10 was used. However, we did not evaluate the role of conduction velocity restitution and excitability on APD variation as it relates to VF.
Conclusion
We have demonstrated that during human VF, short-term memory is a greater determinant of APD variability than APD/DI restitution. In addition, during early VF, APD restitution slope was never Ͼ1. These findings underscore the dynamicity of APD changes and adaptation (short-term memory) and suggest that static restitution analysis anchored to a steady cycle length cannot adequately describe the mechanisms that maintain VF after its onset in humans. 
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